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Abstract

The sensitivity of the soil dust aerosol cycle to radiative forcing by the soil dust aerosol
particles themselves is studied. Four experiments with the NASA GISS atmospheric general
circulation model, which includes a soil dust aerosol model, are compared, all using a
prescribed climatological sea surface temperature as a lower boundary condition. In one
experiment, dust is included as a dynamic tracer with no radiative effect, whereas dust
interacts with radiation in the other simulations. The single-scattering albedo of dust particles
is prescribed to be globally uniform in the experiments with radiatively active dust, although
this albedo is varied from experiment to experiment. On a global scale the radiative forcing by
dust generally causes a reduction in the atmospheric dust load, corresponding to a decreased
dust source flux. The dust source flux and its changes are analyzed in more detail for the main
source regions. This analysis shows that the reduction varies both with the season and with the
single-scattering albedo of the dust particles. The experiments show that dust radiative forcing
can lead to significant changes both in the soil dust cycle and in the climate state. To estimate
dust concentration and radiative forcing by dust more accurately, dust size distributions and
dust single-scattering albedo in the model should be a function of the source region, because
dust concentration and the climate response to dust radiative forcing are sensitive to dust
radiative parameters.



1. Introduction

The effect of tropospheric aerosols on the global cli-
mate via direct or indirect radiative forcing is one of the
largest uncertainties in climate change studies [Shine
and de F. Forster, 1999]. Among these aerosols, soil
dust is an important climate forcing factor due to its
high atmospheric load and optical thickness: 30% of the
total aerosol optical thickness is attributed to soil dust
aerosols, of which roughly half is estimated to be anthro-
pogenic in origin [Tegen and Fung, 1995; Tegen et al.,
1996]. Although the highest dust concentrations are
found over land, observations by direct measurements
[Prospero, 1996], satellite retrievals [Moulin et al., 1997;
Herman et al., 1997; Husar et al., 1997], and model
experiments [Tegen and Fung, 1994, 1995] reveal that
a dust plume can extend thousands of kilometers off-
shore in certain regions. Dust aerosols dominate the
light scattering downwind of dust source regions [Tegen
and Lacis, 1996; Li et al., 1996]. For example, Alpert
et al. [1998] estimate that the 30 dusty days per year
correspond to a heating rate of about 6 K per year in
the lower atmosphere over the eastern tropical North
Atlantic Ocean. In addition to its radiative effect, soil
dust may also impact atmospheric chemistry by provid-
ing surfaces for heterogeneous chemical reactions [Den-
tener et al., 1996; Tabazadeh et al., 1998].

The soil dust cycle has been studied using off-line
transport models to test source and sink parameteri-
zations of soil dust [e.g. Tegen and Fung, 1995; Marti-
corena and Bergametti, 1996; Schulz et al., 1998]. Other
studies include dust as a tracer in a general circulation
model (GCM) [Joussaume, 1990; Genthon, 1992; Tegen
and Miller, 1998], the former two mainly simulate dust
distributions under paleoclimate conditions. However,
these studies did not include the radiative effect of dust
on climate dynamics. The climate response to dust forc-
ing has been addressed in only a few studies so far [Coak-
ley and Cess, 1985; Miller and Tegen, 1998]. These
studies used prescribed dust distributions that could not
be modified by changes in the soil dust cycle caused by
changes in the model dynamics forced by dust radia-
tive heating. Other studies emphasized the great un-
certainty of dust radiative forcing and its sensitivity to
radiative parameters such as the dust single-scattering
albedo [Liao and Seinfeld, 1998; Claquin et al., 1998;
Sokolik and Toon, 1999; Miller and Tegen, 1999].

In this paper we present new results of our work
to assess the climate impact of soil dust aerosols us-
ing the National Aeronautics and Space Administra-
tion Goddard Institute for Space Studies (NASA GISS)
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atmospheric GCM (AGCM). There are two predeces-
sor studies [Tegen and Miller, 1998; Miller and Tegen,
1998] which are continued here. In the work of Tegen
and Miller [1998], soil dust was included as a dynamic
tracer, but the radiative effect of dust upon the model
climate and its feedback upon the dust distribution were
not taken into consideration. In the Miller and Tegen
[1998] work the radiative effect upon the model climate
was examined using a prescribed soil dust aerosol dis-
tribution. In the current study, both approaches are
combined. In the GISS AGCM, soil dust is included as
a dynamic tracer whose distribution is a function of vari-
ous climate variables. Radiative forcing by dust changes
the climate variables in the model such as the surface
wind and rainfall, which in turn influence dust emission,
transport, and deposition; that is, the soil dust aerosol
model is fully coupled with the other climate variables
in the AGCM.

Dust optical properties should vary with the miner-
alogical composition of the source region. However, for
simplicity, and to minimize the computational burden,
we assign the optical properties of all source regions
using measurements of far-traveled Saharan dust ac-
cording to Tegen and Lacis [1996]. Because the top
of atmosphere (TOA) radiative forcing of Saharan dust
is coincidentally poised between heating and cooling of
the column [Miller and Tegen, 1999], our choice may
underestimate the effect of dust on climate. Thus we
carried out sensitivity experiments with varying radia-
tive properties of the dust particles, represented by the
single-scattering albedo w of dust. The sensitivity of
our results to the single-scattering albedo will indicate
the importance of parameterizing the optical properties
of each dust source region separately. In this paper the
analysis emphasizes the modifications of the soil dust
aerosol cycle due to radiative forcing by dust, as well
as its sensitivity to the radiative properties of the dust
particles. The climate impact of interactive dust will
be inspected in a companion study, although the global
averaged effect of dust upon climate is briefly discussed
in section 7.

2. Model and Experiments

The soil dust aerosol model embedded in the GISS
AGCM [Hansen et al., 1997] is described in detail by
Tegen and Miller [1998]. The AGCM has a horizon-
tal resolution of 4° latitude by 5° longitude and 12
vertical layers. Documentation of the convection and
cloud parameters is given by Del Genio et al. [1996].
The ground hydrology parameterization and planetary



boundary layer treatment are described by Rosenzweig
and Abramopoulos [1997] and Hartke and Rind [1997],
respectively. The planetary boundary layer (PBL)
treatment parameterizes drag and mixing coefficients
based on similarity theory. Transfer coefficients are de-
termined separately for heat, momentum, and moisture.
The model surface layer is defined to be an equal flux
layer. Surface fluxes are calculated using a wind pro-
file model which extrapolates the wind downward from
the first model layer. Compared to a former version of
the GISS AGCM [Hansen et al., 1983], the new con-
vection and PBL parameterizations led to improved at-
mospheric circulation [Druyan et al., 1995], interhemi-
spheric transport of tracers [Rind and Lerner, 1996],
vertical profile of heating [Del Genio and Yao, 1993,
and geographical distribution of low-latitude precipita-
tion [Druyan et al., 1995]. The physically based ground
hydrology parameterization has six soil layers with real-
istic hydraulic conductivity and matric potential func-
tions. A vertical profile of soil textures is defined ac-
cording to assigned soil type. The scheme explicitly in-
cludes processes of transpiration, evaporation from pre-
cipitation or dew intercepted by the vegetation canopy,
evaporation from bare soils, infiltration, and runoff. Un-
derground runoff is a sink for some of the groundwater.

The parameterization of dust as a tracer follows the
calculation of dust in the off-line GISS tracer transport
model [Tegen and Fung, 1994]. In this model the soil
dust particles are partitioned into four size classes (< 1,
1-2, 2-4, and 4-8 um), which are carried as separate trac-
ers. Particles smaller than 1 um are transported as one
class because they are not strongly fractionated by grav-
itational settling. Particles larger than 8 ym are respon-
sible for only about 1% of the dust radiative forcing
[Tegen et al., 1996]. The surface distributions of clay
(particles smaller than 1pm) and small silt (particle
radius between 1pum and 10 ym) were derived from a
global soil texture data set [Zobler, 1986; Webb et al.,
1991].

Dust deflation is parameterized according to Gillette
[1978]. It is proportional to the cube of the surface wind
speed, with the constraint that the speed must exceed
a threshold velocity,

da = C(U - utr)UQa

(1)

where ¢, is the dust flux from the surface in ugm=2s~!

u is the surface wind speed in ms™!, and uy, is the
threshold velocity. C' is a dimensional constant, which
amounts to 2 ugs 2m™> and 5 ugs~?m~® for clay and
silt, respectively. The threshold velocity varies between

)
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4 and 10ms~! depending on the location. The varia-
tions are designed partly to account for sub-grid-scale
wind variability [Tegen and Miller, 1998]; that is, the
threshold velocity is lower in grid boxes with high sub-
grid-scale variations in wind, as estimated by the 1° lat-
itude by 1.25° longitude European Centre for Medium-
Range Weather Forecasts (ECMWTF) analyses of surface
wind. In addition, dust emission only can occur when
the soil moisture is low. To fulfill this condition in the
model, evaporation in a grid box must exceed precipita-
tion for a certain time period which depends on the soil
texture. In addition, dust deflation is only allowed in
desert or sparsely vegetated areas labeled by Matthews
[1983], as well as from disturbed soils that are affected
by deforestation, cultivation in dry regions, wind ero-
sion, and the shift in the Saharan/Sahelian boundary
[Middleton and Thomas, 1992; World Resources Insti-
tute (WRI), 1992; Tucker et al., 1991].

Following deflation, dust is advected by the model
winds. Dust is also subject to sub-grid-scale vertical
mixing by the convection parameterization. Dust re-
moval takes place by gravitational settling, turbulent
mixing in the first model layer, and subcloud washout,
which is calculated using AGCM precipitation. The ef-
ficiency of the dust removal by rain is described using
the scavenging ratio Z, the ratio of the mass of dust per
mass unit of rainwater C,q;, in gkg™! to the mass of

dust per mass unit of air Cj;, in gkg™!,

Z = Crain/cair- (2)

Here a scavenging ratio of 700 is used according to Tegen
and Fung [1994].

Dust radiative forcing is calculated with the GISS
AGCM radiation model, which is based upon the k dis-
tribution and doubling-adding methods. Radiative pa-
rameters for the different particle sizes are determined
via Mie calculations using refractive indices for far-
traveled Saharan dust from Volz [1973] and Patterson
and Gillette [1977]. For the calculation of dust radiative
effect, the submicron size class is further subdivided into
four size classes according to Tegen and Lacis [1996].
According to Mie theory, dust particles are approxi-
mated as perfect spheres. This causes a misestimation
of the scattering phase function for dust particles. Al-
though this is important for remote sensing application,
the idealization has little effect upon the radiative flux
divergence that represents the climate forcing [Lacis and
Mishchenko, 1995].

Four experiments were carried out using both a pre-
scribed climatological sea surface temperature (SST)



and a sea ice distribution as a lower boundary condition.
In one of the four experiments, dust is a dynamic tracer
without any radiative effect. Hereinafter we refer to this
experiment as the “passive dust” experiment. In the re-
maining three experiments, radiative forcing by dust is
taken into consideration. The single-scattering albedo
of far-traveled Saharan dust particles (wy) is prescribed
for dust from all source regions in the first of these three
experiments. This albedo depends on the dust particle
size and wavelength (1 um size: @y = 0.86; 0.5 pum size:
wo = 0.92 at 0.55 um wavelength) [Tegen and Lacis,
1996]. Hereinafter we refer to this experiment as the
“baseline experiment.” In the remaining two experi-
ments, the single-scattering albedo is decreased or in-
creased for all source regions and wavelengths by 10%,
representing more absorbing (0.9z0g) or reflecting dust
(1.1wmg), respectively, to evaluate the sensitivity of the
dust cycle to changing radiative properties of the dust
particles. For the more reflecting case, w is set equal
to unity at wavelengths where the 10% increase would
otherwise exceed this value. The first year of model out-
put was discarded to eliminate trends associated with
spin-up, after which 26 years were simulated in each
experiment.

3. Sensitivity of Soil Dust Emission

3.1. Some Remarks About the Approach

Dust emission is favored by high surface winds and
evaporation exceeding precipitation over an extended
period of time. Changes in the wind speed, related to
changes in the dust emission, can occur over various
space and timescales. These can be local phenomena
which affect the variability at short timescales, or chan-
ges in the large-scale quasi-stationary patterns of the
circulation.

To identify the processes that change dust emission in
the main source regions, we calculated the local correla-
tion coeflicients between the time series of the monthly
averaged dust source flux and the time series of other
variables. These variables are the monthly averaged
number of wind events above the threshold velocity for
dust emission (ng-), the monthly averaged wind speed
(v), the magnitude of the monthly averaged horizontal
wind vector (||¥]|), and the monthly averaged difference
of precipitation and evaporation. We expect the high-
est correlations between the dust source flux and the
ng. The correlation of the flux with v includes fluc-
tuations at short and long timescales, since it is cal-
culated from the horizontal wind vector at each time
step. By calculating the magnitude of the monthly av-
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eraged wind vector ||V]|, changes in wind speed on a
short timescale are averaged out. Hence changes in ||¥||
can be interpreted as changes in the circulation on a
monthly or longer timescale. We hypothize less corre-
lation between this variable and the dust source flux,
compared to the correlation between the latter and ei-
ther ng- or v. In this section we diagnose the chan-
ges in the patterns of dust emission obtained in our
experiments. We are interested in the seasonal depen-
dence of the changes. Thus differences are shown for the
seasonal average (December/January /February (DJF);
March/April/May (MAM); June/July/August (JJA);
September/October/November (SON); annual average
(ANN)). However, calculating a correlation between the
seasonal averages of two variables can lead to misin-
terpretation, because anomalies in time from the sea-
sonal average can be caused by anomalies in different
months of a season. Those would lead to a faulty posi-
tive (or negative) correlation coefficient. Therefore the
correlations were calculated using the monthly averages
of the variables to reduce such source of error. They
were calculated for the variables from the passive dust
experiment, and for the anomalies in the experiments
with radiatively active dust with respect to the long-
term means from the passive dust experiment. We are
mainly interested in the correlation between the changes
of the variables when the experiments with radiatively
active dust are compared to the passive dust experi-
ment. Therefore the annual cycle was not removed prior
to calculating the correlations.

Although the difference of precipitation and evapora-
tion is a constraint upon the dust source flux, we did
not find any significant correlation between changes in
these two variables.

3.2. Global Dust Emission

In the AGCM experiment in which dust is a dynamic
tracer with no radiative effect, the globally averaged
dust emission is 1312 & 97 Mtyr~—! (mean plus or mi-
nus one standard deviation based on yearly means).
This amount is about 40% larger than the emission ob-
tained from a similar experiment carried out in a for-
mer study with the nine layer GISS GCM [Tegen and
Miller, 1998, experiment A]. The difference is caused by
higher wind speeds at the surface using the 12 layer ver-
sion of the model for the current study. However, both
global totals are somewhat arbitrary: the proportional-
ity coefficient C' in equation (1) has been chosen so that
the global total in the nine layer model is consistent
with global estimates based on observations [Tegen and
Fung, 1994]; that is, C' could be recalibrated to bring



the 12 layer model total in line with the nine layer value.
Rather than recalibrate, we simply note that each value
is within the range of other estimates which are widely
separated [see Duce, 1995].

A comparison of the total dust emission in the vari-
ous experiments is given in Table 1. The time mean and
the interannual standard deviation are presented both
for the entire year and for the individual seasons. In
the experiment with radiatively inactive dust, the pas-
sive dust experiment, the emission shows a maximum
in Northern Hemisphere (NH) spring and summer, and
a minimum in autumn. In the experiments, including
the radiative effect of dust, the yearly emitted amount
of dust is about 15 to 20% lower than in the passive
dust experiment. In the course of the year the reduc-
tion varies both with the season and with the prescribed
single-scattering albedo. In winter the largest decrease
is found for more absorbing dust, whereas in summer,
the largest decrease is found for more reflecting dust.
There is also a tendency of decreased interannual vari-
ability in the experiments which include the radiative
effect of dust.

3.3. Sahara/Sahel Source Region

The largest contribution to globally emitted dust is
from the Sahara/Sahel source region (Table 2). This
region emits 592 & 55 Mt yr~! of dust in the passive
dust experiment. This value is reduced by 12 to 15%
in all experiments, which include the radiative effect of
dust. The season during which this reduction is largest
depends on the particle single-scattering albedo. During
DJF, dust emission is most reduced for more absorbing
dust, whereas for JJA, dust emission is most reduced
for more reflecting dust.

Plate 1 displays the horizontal distribution of the
seasonally averaged dust source flux (shown as num-
bers in mgm~2d 1) and surface wind vector (arrows)
in the Sahara/Sahel region in NH winter of the passive
dust experiment, along with changes in the experiments
with radiatively active dust. In addition, correlations
(shades) between source flux and ||¥|| are shown. All
correlation coefficients represented by shaded grid boxes
in the plates of this source region and the figures of the
other source regions are statistically significant (¢-test)
at a confidence level of 95% or greater. In addition,
correlation coefficients are only presented for grid boxes
where the anomalies in both variables are statistically
distinct from zero at a confidence level of 50% or greater.
This lower confidence level was chosen to emphasize the
spatial patterns of the anomalies. However, the largest
anomalies in the wind variables and the dust emission
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are also statistically significant at a confidence level of
95% or greater.

In the passive dust experiment during NH winter, the
Sahel region along with the western and northeastern
Sahara contribute most to the total dust emission in
North Africa. The emission is positively correlated with
I¥]], which is related to the trade winds in this region,
in particular in western Sahara and the Sahel region.

For more absorbing dust, the strong decrease in dust
emission relative to the passive dust experiment is found
mainly in the eastern part of the Sahara/Sahel source
region, whereas there is actually an increase in emis-
sion in northwestern Sahara. Some positive correla-
tion between the change in the dust source flux and the
change in the quasi-stationary circulation is found both
in northwestern Africa and in the eastern Sahel. The
visual examination of the difference vector of the sea-
sonally averaged surface wind indicates an increase and
decrease, respectively, in the trade winds in these both
regions. In the other two experiments with radiatively
active dust, the winter changes in the dust source flux
are generally smaller. The grid boxes in western Africa
where the source flux increases have only a minor con-
tribution to the total source flux in North Africa.

During NH summer in the passive dust experiment
(Plate 2), the largest contribution to the dust emis-
sion in North Africa originates from the northeastern
and eastern part. In this region the dust source flux is
positively correlated with the large-scale circulation, in
particular with the Indian monsoon flow over eastern
Africa.

In the experiments with radiatively active dust, dust
emission in the Sahara/Sahel source region is most re-
duced in the experiment with more reflecting dust (see
Table 2), because of a significant decrease in the emis-
sion in northeastern Africa. In several grid boxes, where
an evident change in the dust source flux is found, those
changes are positively correlated with changes in ||V]|.
The visual examination of the stationary wind vector re-
veals that these changes are linked to changes in the In-
dian monsoon circulation. For more absorbing dust, the
monsoon-induced flow is strongly enhanced, whereas for
more reflecting dust, the Indian monsoon is weakened.
In both cases this leads to a specific pattern of chan-
ges in the dust emission. In the baseline experiment, a
slightly strengthened monsoon is found. Especially for
more reflecting dust, the decrease in the Indian mon-
soon causes the strong decrease in the emitted dust inte-
grated over the whole region. However, the correlations
between changes in the monthly averaged dust emis-
sion and changes in v, which were also calculated (but



not shown), are higher and statistically significant in
more grid boxes than the correlations between changes
in the source flux and changes in ||¥||, indicating that
the changes in dust emission cannot only be explained
by changes in the large-scale quasi-stationary circula-
tion. Processes with short timescales also seem to have
an important effect on the changes in the dust emission
in North Africa.

3.4. Arabian Peninsula Source Region

The dust emission from the Arabian Peninsula has
two peaks, one in winter and the other one in summer
(Table 2). In the passive dust experiment, the total
amount of the yearly emitted dust is 56.54+11.9 Mt yr—".
For more absorbing dust, this amount is about 10%
higher, but for more reflecting dust about 20% lower,
a difference that can be attributed mainly to the NH
summer months. In the other seasons, there is a ten-
dency of a reduced dust emission for all experiments
with radiatively active dust.

The largest part of the dust amount emitted from
the Arabian Peninsula in the passive dust experiment
originates along the Yemeni coast (Plates 1 and 2). An
additional amount comes from a grid box at the head
of the Persian Gulf.

In the experiments with radiatively active dust, the
main changes in the emission are found in NH summer
(Plate 2). The emission increases both at the head of the
Persian Gulf and the Yemeni coast for more absorbing
dust and, with a smaller magnitude, in the baseline ex-
periment, whereas it decreases at these grid boxes given
more reflecting dust. These changes are positively cor-
related with changes in ||¥||. They are related to an
enhanced (diminished) Indian monsoon circulation for
more absorbing (reflecting) dust.

3.5. Central Asia Source Region

Here central Asia is defined as the region around the
Caspian Sea and the Aral Sea. Central Asia’s dust emis-
sion in the passive dust experiment shows a strong an-
nual cycle with a maximum of 35.7413.5 Mt month~! in
NH summer and a minimum of only 1.841.2 Mt month~!
in winter (Table 2). The yearly emission amounts to
211 4+ 58 Mt yr—!, which is reduced in each experiment
with radiatively active dust. This reduction increases
with increasing single-scattering albedo from 36 Mt yr—!
for 0.9y to 72 Mt yr~! for 1.1z, largely as a result of
differences during the NH summer months.

Figure 1 displays the horizontal distribution of the
dust emission in the passive dust experiment during
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Northern Hemisphere summer, its changes in the experi-
ments with radiatively active dust. In addition, the cor-
relation with the surface wind speed is shown, instead of
the correlation with ||V||, since there are only uncertain
results from the correlation between dust emission and
large-scale circulation. In the passive dust experiment,
the main areas of dust emission are located north of the
Caspian Sea and east of the Aral Sea. North of the
Caspian Sea, dust emission is smaller in all experiments
that include radiatively active dust. In contrast, the
changes in the emission depend on the single-scattering
albedo in the Aral Sea region. There, the emission in-
creases for more absorbing dust, whereas they decrease
for more reflecting dust. There is some positive cor-
relation of these changes with changes in the surface
wind speed, which increases (decreases) in this region,
in particular southeast of the Aral Sea, for more absorb-
ing (reflecting) dust. In many grid boxes, there is also a
strong correlation of the changes in the dust source flux
with changes in the number of wind events above the
critical threshold velocity (not shown). Generally, these
results indicate that the described changes in the dust
emission are mainly due to changes both in mean wind
speed and wind speed variability on shorter timescales.

3.6. East Asia Source Region

East Asia’s dust source region emits 55.2421.5 Mt yr—!

in the passive dust experiment (Table 2). The largest
amount is contributed during NH spring. In this sea-
son a maximum of 13.1 + 5.8 Mt month~! is found. In
contrast, only little dust is emitted during winter and
autumn. The inclusion of radiative forcing generally
leads to a reduced dust emission. In all seasons, except
in winter, dust emission decreases with increasing parti-
cle absorptivity. The relative decrease in dust emission
is largest in summer. The annual emission is reduced
by 35% and 13% for 0.9c0g, and 1.1wy, respectively.
The horizontal distribution of dust emission in the
east Asia source region and correlations are not shown
because of a lack of significance of the correlation be-
tween the dust source flux and the other variables. In
the passive dust experiment, the region that mainly con-
tributes to the total dust emission is located between
105° and 120°E and 40° and 48°N. In particular during
NH summer, when the relative reduction in the emission
is largest, some grid boxes with a positive correlation be-
tween changes in the dust source flux and changes in the
surface wind speed as well as in ny, are found. We did
not find any correlation with ||¥||. This indicates that
decreased dust emission in east Asia’s source region is
mainly caused by processes with small timescales and



not due to changes in the large-scale circulation. This
dependence is similar to that in Central Asia.

3.7. North America Source Region

The dust emission in North America amounts to
114 £ 42Mtyr~! in the passive dust experiment (Ta-
ble 2). In NH spring, the maximum amount is emitted,
corresponding to 14.7 £+ 7.1 Mt month~—!. The emission
in each of the other seasons is about half of this value.
In all seasons, less dust is emitted in the experiments
that include the radiatively active dust. The reduction
of the annual total is between 12% and 33%.

Figure 2 displays the horizontal distribution of dust
emission in the passive dust experiment during NH
spring, its changes in the experiments with radiatively
active dust, and its correlation with the surface wind
speed. In the passive dust experiment, dust emission is
largest over the Great Plains.

In the experiment with radiatively active dust, dust
emission is reduced in the southern part. In this region,
the reduction increases with increasing particle absorp-
tivity (as in east Asia). These changes show some posi-
tive correlation with changes in the surface wind speed,
in particular for more absorbing dust and in the baseline
experiment. In addition, there is an even stronger cor-
relation with the number of wind events. In the north-
ern source region, there is also a tendency of reduced
emission in all experiments with radiatively active dust
but with no clear dependence on the particle single-
scattering albedo. We did not find any correlation be-
tween changes in the dust emission and changes in [|¥|.
This indicates that the reduction in the dust emission
is mainly due to processes with short timescales related
to a decrease both in the wind speed and its variability.

3.8. Australia Source Region

Australia’s dust emission amounts to 225454 Mt yr—!

in the passive dust experiment (Table 2). Almost half
the amount is contributed during Southern Hemisphere
(SH) summer. The minimum in the annual cycle is
found during SH winter. In the experiments with radia-
tively active dust, the yearly averaged emission is about
20% lower. In the various seasons, the decrease ranges
from 11 to 27% without any clear dependence on either
the particle single-scattering albedo or the season.

In Figure 3, the horizontal distribution of the dust
source flux in the passive dust experiment, its changes
in the experiments with radiatively active dust, and its
correlation to the surface wind speed in Australia during
SH summer are presented. In the passive dust experi-
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ment, dust is emitted over the whole central part of Aus-
tralia with a maximum from a grid box located along
the southern coast. The dust source flux is positively
correlated with the surface wind speed where maximum
emission is found.

A significant decrease in dust emission is found in
all of the experiments that include the radiative effect
of dust. The changes in the dust emission are posi-
tively correlated with changes in the surface wind speed.
There is a more evident correlation of the change in the
dust source flux with a change in the number of wind
events above the critical threshold velocity (not shown).
We did not find any correlation between the changes in
the emission and changes in [|¥]|. Changes in emission
seem to be caused mainly by changes in the mean wind
speed and changes in the wind speed variability on a
short timescale.

We caution that the results from our sensitivity ex-
periments concerning the Australia source region are
very uncertain. It will be shown in section 6 that the
emissions in the model seem to be strongly overesti-
mated, in particular during SH summer, compared to
results from AVHRR satellite data.

In this section we have analyzed how the dust emis-
sion changes, if the radiative effect of dust is taken into
consideration in the model. In summary, we have shown
that this radiative effect leads to a reduced dust source
flux into the atmosphere for the global average in all
seasons and for almost all main dust source regions.
In general, this indicates a negative feedback of dust
radiative forcing upon dust emission. The amount of
the reduction varies both with the season and with the
single-scattering albedo of dust particles, depending on
the region where dust deflation takes place. During win-
ter in each hemisphere, in all regions with significant de-
flation, the reduction is larger for more absorbing than
for more reflecting dust. During summer, this trend
is generally reversed: the reduction in emission is larger
for more reflecting dust, apart from east Asia and North
America.

In the Sahara/Sahel source region and in the Arabian
Peninsula we found a positive correlation, which is sta-
tistically significant, between changes in dust emission
and changes in the magnitude of the monthly averaged
surface wind vector which represents large-scale circu-
lation patterns. In winter, changes in the dust source
flux are related to changes in the trade winds, whereas
in summer, they are related to changes in the Indian
monsoon circulation.

The seasonal dependence of the global dust emission
mainly reflects the seasonality of the North African and



Arabian source regions, the largest contributors to the
global emission.

4. Dust Concentration in the
Experiments

The global mean and standard deviation of dust con-
centration in the various experiments are presented in
Table 3; the atmospheric dust load has features that
are similar to those of the dust emission. In the
passive dust experiment, the annual and global mean
dust concentration averaged over all layers amounts to
3.71 £ 0.25 ugkg~'. The dust load has its maximum in
NH spring and summer, and its minimum in autumn.
In the experiments that include the radiative effect of
dust, the yearly averaged dust concentration is reduced.
The reduction ranges from 13 to 21%, varying accord-
ing to season and prescribed single-scattering albedo.
In winter, the largest decrease is found for more ab-
sorbing dust, whereas in summer, the largest decrease
is found for more reflecting dust. There is also a ten-
dency toward decreased variability in the experiments
that include the radiative effect of dust.

The horizontal distribution of dust concentration in
the passive dust experiment during NH winter and sum-
mer, and its changes in the experiments with radiatively
active dust are presented in Figures 4 and 5, respec-
tively. The changes relative to the passive dust exper-
iment were tested for statistical significance using Stu-
dent’s t-test. Increases (decreases) at a confidence level
of 95% or greater are shown by dark (light) shading in
the pictures.

In the passive dust experiment in NH winter (Fig-
ure 4a), a dust cloud is located over North Africa ex-
tending over the tropical Atlantic. The maximum is
located over the southern part of North Africa. An-
other major dust cloud is located over Australia, and a
minor maximum of the dust concentration is found over
North America.

The change in the dust concentration due to radia-
tive effect of dust evidently varies over the various dust
source regions depending on the season and the single-
scattering albedo. In winter, the dust concentration
shows its strongest reduction of 20-30% over the Sa-
hara/Sahel source region in the experiment with more
absorbing dust. In contrast, the dust concentration
over this region is larger with increased single-scattering
albedo. This corresponds to enhanced dust emission in
this region. Another source region that is perturbed
by dust radiative forcing during NH winter is located
in Australia. There, dust emission and concentration
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are reduced by 20-30% for radiatively active dust for all
three values of the particle single-scattering albedo of
dust.

In summer (Figure 5), in contrast to winter, the
strongest reduction of the dust concentration is found
in the experiment with more reflecting dust over the
Sahara/Sahel source region and, additionally, over the
Arabian Peninsula and central Asia, which are also im-
portant source regions in this season. There, the dust
load is about 50% lower in comparison to the passive
dust experiment. In the experiment with more ab-
sorbing dust this reduction is much smaller. Over the
Arabian Peninsula and northeastern Africa, even an in-
crease in the dust load is found. In contrast, the dust
concentration decreases more strongly for more absorb-
ing dust than for more reflecting dust over North Amer-
ica and east Asia, although these are minor dust source
regions in summer.

In NH spring and autumn the changes in dust concen-
tration as a result of dust radiative forcing show a tran-
sition state between the winter and the summer change
patterns. Despite the changes in the dust concentra-
tion, seasonal features, such as the spring maxima of
the dust emission in North America and east Asia, are
preserved in the experiments that include the radiative
effect of dust.

In all seasons the dust concentration is higher (lower)
in high and midlatitudes in low dust regions in the ex-
periment with more absorbing (reflecting) dust. These
changes are statistically significant because of a very
small variability in the dust concentration in those re-
gions. This response in the experiments with radiatively
active dust could be caused by a longer (shorter) per-
sistence of very small dust particles in the atmosphere
due to a decreased (increased) deposition. Another pos-
sibility is an intensified (weakened) transport into the
low dust regions.

We also compared the seasonal interannual variability
by examining the standard deviation of the dust concen-
tration in the experiments. The experiments including
the radiative effect of dust do not differ significantly
to another. However, there are some differences with
respect to the passive dust experiment.

In Figure 6 the standard deviation of the dust con-
centration during NH winter and summer, respectively,
is presented for the passive dust and the baseline exper-
iment. The interannual variability of the dust concen-
tration is high, with a standard deviation 20 to 50% of
the mean. In winter, the maximum values of the stan-
dard deviation are evidently smaller over the main dust
source regions for radiatively active dust. The decrease



amounts to about 30% and 50% over North Africa and
Australia, respectively. In the areas with low dust con-
centration, the interannual variability is similar for all
experiments.

In contrast, the maximum NH summer values of the
standard deviation do not significantly decrease in the
baseline experiment. Over the Aral Sea source region,
even an evident increase, which amounts to about 40%,
is found. A similar result was also obtained for more
absorbing dust, whereas the interannual variability de-
creases in this region for more reflecting dust. In spring
and autumn the dust response resembles the results for
winter. Changes in the seasonal interannual variability
seem to reflect features of the changes in the seasonal
long-term averages. Where a decrease in the mean dust
concentration is found, there is also a tendency to a
decreased variability and vice versa.

5. Dust Deposition in the Experiments

The global mean wet deposition and dry turbulent
deposition of dust and their standard deviations are
shown in Tables 4 and 5, respectively, for the various
seasons and the entire year. The annual long-term av-
erage and the global mean of wet deposition and dry
turbulent deposition of dust amount to about 579 4 42
and 193.8 + 14.4 Mt yr—!, respectively. Unfortunately,
an error occurred when saving the deposition by gravita-
tional settling, so we are not able to present this variable
and the total deposition here. However, assuming that
dust emission and deposition are in equilibrium in the
long term, it can be estimated that gravitational settling
accounts for almost the half of the totally deposited dust
in our experiments. The sensitivity of the deposition in
the various seasons to the changed radiative properties
of the dust particles is consistent with the sensitivity
found for the dust emission and dust concentration.

The horizontal patterns of dry turbulent deposition
are very similar to the patterns of the dust concentra-
tion. Where the dust concentration is high, the dry tur-
bulent deposition is high. Also, the anomaly patterns in
the sensitivity experiments evidently match each other.
Therefore the horizontal patterns of dry turbulent de-
position are not shown here.

The horizontal pattern of wet deposition of dust in
the passive dust experiment and its changes in the ex-
periments with radiatively active dust are displayed in
Plates 3 and 4 for NH winter and summer, respectively.
Only changes in this variable which are statistically sig-
nificant in the experiments with radiatively active dust
relative to the passive dust experiment are shown. The
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confidence level is 95% or greater again, based on Stu-
dent’s t-test.

Wet deposition of dust is a function of both the
dust concentration and the precipitation. In NH winter
(Plate 3) a band of maximum washout is found in the
Intertropical Convergence Zone (ITCZ) over Africa and
the equatorial Atlantic. Large dust removal by rain also
takes place over western Australia and offshore north-
west of this continent. Comparing the various experi-
ments with radiatively active dust, the wet deposition
in the ITCZ over Africa and the equatorial Atlantic de-
creases the most for more absorbing dust. This result
is consistent with the one from the dust emission and
dust concentration. In addition, it shows that the de-
crease in the dust concentration in this region, which is
also larger for more absorbing dust, is not caused by an
increased dust removal.

In NH summer (Plate 4), in the passive dust experi-
ment, large washout of dust by rain is found in regions
with tropical precipitation in a band extending from the
equatorial Atlantic over North Africa to the Indian sub-
continent with a maximum over the Arabian Sea, which
is about 150 mg m~—2d~!. Maxima of wet deposition are
also related to midlatitude precipitation in the Northern
Hemisphere, such as in eastern North America, north-
eastern Europa, and east Asia. In the experiments with
radiatively active dust, the largest decrease of wet depo-
sition of dust is found in the experiment with more re-
flecting dust over North Africa, the Arabian Peninsula,
and India. This sensitivity to single-scattering albedo
is consistent with that from dust emission and dust
concentration. In the experiment with more absorb-
ing dust, there is a large increase in the dust washout
over the Arabian Peninsula and the Indian subconti-
nent, which amounts to about 100mgm~2d~! in the
maximum. The precipitation shows also a statistically
significant increase in this region. There is a similar pat-
tern in the baseline experiment but with much smaller
magnitude. These changes can be attributed to the
enhanced Indian monsoon circulation in both experi-
ments, which also was seen in the wind vectors analyzed
in section 3.

6. Comparison to AVHRR Satellite
Data

6.1. Some Remarks About the Approach

To evaluate the model capability to reproduce the
observed dust load in the atmosphere and its interan-
nual variability, we compared the dust optical thick-
nesses from the experiments to satellite retrievals de-



rived from the National Oceanic and Atmospheric Ad-
ministration (NOAA) advanced very high resolution ra-
diometer (AVHRR) instrument [Rao et al., 1988; Stowe
et al., 1997; Husar et al., 1997]. These data are avail-
able for the years 1982 to 1992 and 1996/1997. Model
dust extinction optical thicknesses are calculated ac-
cording to Tegen and Fung [1994]. Such a comparison
of modeled and satellite-derived optical thickness is not
straightforward. In the AVHRR satellite retrievals, dust
is assumed to be totally reflecting. Thus the retrievals
provide a lower limit of the dust optical thickness in
regions with high dust concentration, in particular for
more absorbing dust. For more reflecting dust, we can
expect a less ambiguous comparison between modeled
and measured optical thickness. An additional problem
occurs, in regions with low dust concentration, where
other aerosol types can significantly contribute to the
optical thicknesses of the retrievals. There, the mod-
eled optical thicknesses are expected to be lower than
the satellite retrievals.

Another source of comparison uncertainty is the dif-
ferent size distribution of aerosol particles assumed by
the AVHRR satellite retrievals [Stowe et al., 1997] and
the model. In the model, dust aerosol size distribu-
tions are calculated dynamically and vary with each
grid box, whereas fixed sizes are assumed for satellite
retrievals. An additional complication is particle non-
sphericity, which is not taken into consideration in the
model. The comparison is also limited by the fact that
the AVHRR retrievals only cover optical thicknesses
over sea.

Despite these uncertainties a comparison of the model
results to the retrievals is a useful approach to identify
regions where the model results are inconsistent with
the observations, even if only a coarse evaluation is pos-
sible. However, as a consequence of these uncertainties,
we cannot distinguish which experiment best represents
the observations.

6.2. Comparison of the Mean Optical
Thickness

In Plate 5 the differences between the mean optical
thickness from the baseline experiment and from the
AVHRR satellite are presented for all seasons. In NH
winter the simulated dust optical thickness offshore the
western coast of North Africa between 20°N and 30°N
is about 0.1 higher than in the observations. This differ-
ence increases with decreasing single-scattering albedo
of dust. Other aerosols than soil dust do not signifi-
cantly contribute to the total optical thickness in this
region [Tegen et al., 1997]. Therefore the observed opti-
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cal thickness should in this region be a lower limit con-
sidering dust absorption. The dust load in this region
is relatively insensitive to the particle single-scattering
albedo in our experiments. Hence the optical thickness
in the experiments is consistent with the observations.
In contrast, in NH spring the optical thickness in this
region is overestimated in the experiments compared to
satellite data, although for radiatively active dust, the
results are closer to observations than for radiatively
inactive dust.

In NH winter and spring, over the equatorial Atlantic,
carbonaceous aerosols significantly contribute to the to-
tal optical thickness [Liousse et al., 1996; Penner et al.,
1998], so the observed optical thickness should be higher
than the simulated one. Therefore the results of our ex-
periments are not inconsistent with the observations.

In NH spring the lower optical thickness east of the
Chinese coast in the experiments is consistent with the
observations, because east Asia’s deserts are not the
only aerosol source during this season. In particular,
sulfate and carbonaceous aerosols also significantly con-
tribute to the observed optical thickness in this re-
gion [Tegen et al., 1997; Penner et al., 1998; Tegen
et al., 2000]. The Indian subcontinent and the east-
ern Mediterranean are located at the edge of the dust
cloud. These regions are also influenced by industrial
aerosols. Thus the lower optical thicknesses simulated
in these regions are consistent with the observed ones.

In NH summer, in the areas with maximum dust con-
centration over the Arabian Sea and central Asia, the
simulated optical thickness in the baseline experiment is
higher by more than 0.4 compared to the observations,
indicating an overestimation in the model, or an under-
estimation in the satellite retrievals. In contrast, further
away from the center of the dust cloud, over both India
and the eastern Atlantic around 10°N, the dust optical
thickness in the experiments is lower by more than 0.2
compared to the observations. This difference is more
(less) negative for more absorbing (reflecting) dust, in
particular over India. Since this region is also influenced
by sulfate and carbonaceous aerosols, the simulated op-
tical thickness is not inconsistent with the observation.

The atmospheric dust load in the model is evidently
overestimated offshore western Australia during SH
summer. During the other seasons, in particular during
SH spring, the emissions from this region seem to be
more realistic. The simulated optical thickness is only
slightly higher than the one from the satellite retrievals.

There are evidently negative differences between the
simulated optical thickness and the AVHRR data in re-
gions where the effect of soil dust aerosols is small, for



example, central America during the NH spring. These
differences are caused by maxima of the optical thick-
ness in the AVHRR satellite retrievals. Those maxima
can be attributed to sulfate and carbonaceous aerosols,
which are not taken into consideration in our study.

6.3. Comparison of Interannual Variability

To evaluate the model capability to reproduce the in-
terannual variability of the dust load in the atmosphere,
we also compared the standard deviation of the season-
ally averaged values. In regions with high dust optical
thickness such as in the Arabian Sea, the model tends
to overestimate the standard deviation compared to the
observations, especially if the mean optical thickness is
also overestimated. In contrast, in regions with low opti-
cal thickness, the simulated variability is evidently lower
than the observed one. In the latter case, this could be
explained by the neglecting of other aerosol types, which
have a strong influence in those regions where the dust
aerosol optical thickness is low.

7. Globally Averaged Climate Response

For all seasons the global mean of certain climate vari-
ables in the passive dust experiment, and their changes
in the experiments with radiatively active dust are pre-
sented in Table 6. Regional variations will be described
in a future article.

In the baseline experiment, the perturbation of net
radiation due to radiative forcing by dust is about
—04Wm~2 at TOA and —1.7Wm™2 at surface; that
is, the main effect of soil dust aerosols is to redistribute
radiative heating from the surface to the atmospheric
column. This well agrees with the results obtained by
Miller and Tegen [1998]. Compared to those, however,
the response is less negative at surface and corresponds
to greater cooling at TOA. Miller and Tegen [1998]
studied the climate response using a prescribed distri-
bution of the dust concentration and the nine layer ver-
sion of the GISS AGCM coupled to a mixed layer ocean
model. Thus the difference in the response could repre-
sent differences in the model, especially in the treatment
of the ocean, or it may represent a measure of the un-
certainty of model estimates of dust radiative forcing.

Both at TOA and surface, a negative anomaly by
solar radiation is counteracted by a smaller positive
anomaly by thermal radiation. In the annual aver-
age in both spectral ranges, the effect at surface is
about 4 times the effect at TOA. The difference between
top and surface anomaly is largest during NH summer
and smallest during winter. The perturbation of ab-
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sorbed solar radiation has an evident annual cycle with
a minimum of 0.9 Wm™2 in autumn and a maximum
of 220 Wm™2 in summer. This corresponds to differ-
ent dust concentrations in the atmosphere in these two
seasons (see Table 3).

Higher absorptivity of the dust particles additionally
decreases the net radiative flux at surface and increases
the radiative gain at TOA compared to the baseline
experiment. Higher reflectivity has a reversed effect.
The globally averaged solar radiation at surface is very
sensitive to the particle single-scattering albedo, in par-
ticular during NH summer. This is related to a strong
sensitivity of the absorbed solar radiation in the atmo-
spheric column; the absorbed solar radiation due to the
radiative dust effect is in the case of more absorbing
dust roughly twice the value of the baseline experiment
and 12 times the value of the experiment with more re-
flecting dust. The emitted thermal radiation at the sur-
face decreases with increased absorptivity due to larger
cooling at surface under the dust cloud. In contrast,
the anomaly of backscattered solar radiation at TOA
decreases with increased absorptivity (i.e., decreased re-
flectivity) of the dust particles.

Even during NH winter, when the dust concentration
is most reduced for more absorbing dust compared to
the other experiments with radiatively active dust (see
Table 3), the anomaly of absorbed solar radiation is
largest in this experiment. In addition, during NH sum-
mer the negative anomaly of solar radiation at TOA is
largest in the experiment for more reflecting dust, in-
dicating a stronger backscattering effect, although the
dust concentration is most reduced here; that is, the di-
rect effect of the changed radiative forcing due to vari-
ations in the single-scattering albedo of dust particles
(maybe combined with an effect due to changes in total
cloud cover) dominates the effect of the changed optical
thickness due to the sensitivity of the atmospheric dust
concentration to the single-scattering albedo of dust
particles.

Other variables are also sensitive to the radiative
properties of dust particles. The globally averaged sen-
sible heat flux at surface, which is negative, becomes
significantly less negative with higher absorptivity to
balance the reduced surface net radiation. The surface
net heating shows a negative response to the radiative
effect of dust. The decrease, which is larger for more re-
flecting than for more absorbing dust, indicates that the
radiative effect of dust tries to cool the surface. How-
ever, the lower boundary condition was prescribed in
our experiments so that the SST cannot adapt to the
surface net heat flux. For this reason the global aver-



aged surface air temperature is not listed in Table 6.

Both precipitation and evaporation decrease in the
experiments, which include the radiative effect of dust,
in particular for more absorbing dust. The total cloud
cover shows a slight tendency of increase (decrease) for
more absorbing (reflecting) dust, except in NH summer.
In this season the cloud cover diminishes in all experi-
ments that include the radiative effect of dust.

8. Summary and Conclusions

Four experiments with a soil dust model embedded
in the NASA GISS AGCM were carried out. In one
of them, dust was a passive tracer whose radiative ef-
fect was omitted. In the others, dust radiative forcing
was allowed to influence the model climate. The size-
and wavelength-dependent single-scattering albedo of
far-traveled Saharan dust was prescribed for dust from
all source regions in one of those experiments. However,
dust optical properties should vary with the mineralog-
ical content of the source region. In order to estimate
the importance of this effect, without undertaking the
computational burden of parameterizing each source re-
gion individually, we repeated the experiment with ra-
diatively active dust, this time increasing or decreasing
by 10% the single-scattering albedo of the dust particles
for all source regions and wavelengths.

The implementation of the radiative effect of dust into
the model generally led to a reduced soil dust cycle on a
global scale compared to the experiment where dust is
transported as dynamic but radiatively inactive tracer;
that is, there is a negative feedback in the climate sys-
tem due to the radiative effect of dust which counter-
acts the emission of soil dust. The reduction varies with
the radiative properties of dust. During NH winter the
strongest decrease is found for more absorbing dust, and
during summer, the strongest decrease is found for more
reflecting dust.

The detailed analysis of the emission in the various
main dust source regions showed that the reduction
varies both with the season and with the radiative prop-
erties of dust particles. In NH winter, lowering (raising)
the single-scattering albedo by 10% led to reduced (in-
creased) dust emission in the Sahara/Sahel source re-
gion, compared to the baseline experiment. In contrast,
in NH summer, the reduction is smallest (largest) for
more absorbing (reflecting) dust in this region. In sum-
mer, such a sensitivity was also found for the Arabian
Peninsula source region and the region around the Aral
Sea. In both regions, even an increase in the emission
was found for more absorbing dust, compared to the
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experiment with radiatively inactive dust. In contrast,
in all seasons the dust emission in the east Asia source
region is reduced to a greater (lesser) extent for more
absorbing (reflecting) dust compared to the baseline ex-
periment. A similar dependence on the single-scattering
albedo was found for the North America source region,
in particular for its southern part. For the Australia
source region, in SH summer there is not any clear de-
pendence of the emission on the radiative effect of dust
particles.

We studied the relation of the changes in dust emis-
sion to changes in the surface wind for each season us-
ing correlation coefficients calculated from monthly av-
eraged values. For the Sahara/Sahel source region, and
the Arabian Peninsula, we found an evidently positive
correlation between dust emission and large-scale cir-
culation features represented by the magnitude of the
monthly averaged surface wind vector. During NH win-
ter in our experiments, the dust emission and its change
with varying radiative properties of dust is related to the
trade winds over the Sahara/Sahel area. In summer, a
relation to the Indian monsoon circulation was found
in the eastern Sahara and the Arabian Peninsula. The
increase (decrease) in the dust emission from the Ara-
bian Peninsula for more absorbing (reflecting) dust is
connected to an increased (decreased) monsoon circu-
lation. In the case of other dust source regions we did
not find a relation of the emission to large-scale circula-
tion patterns but to the mean surface wind speed that
is based on daily values. This indicates that processes
with short timescales mainly determine the changes in
the dust source flux in most source regions.

We did not find any significant correlation between
changes in the difference of precipitation and evapo-
ration and changes in the dust source flux. However,
the modeled evaporation is highly constrained and so
therefore is the precipitation, because the SST was pre-
scribed in our experiments. In addition, soil moisture,
and therefore the evaporation, changes with a charac-
teristic time of a few months. Calculating the instan-
taneous correlation, instead of taking a time lag into
account, may not be the most appropriate approach.
Hence the possible role of a feedback between the dif-
ference of precipitation and evaporation and the radia-
tive effect of dust on decadal timescales remains largely
unknown due to the limitations of the current study.
These feedbacks will be reexamined in future studies
using the GISS AGCM coupled to a mixed layer and a
dynamic ocean model.

The changes in the mean dust concentration as well
as in the dust removal both due to the implementa-



tion of the radiative effect of dust and their sensitivity
to single-scattering albedo are consistent with the re-
sults from the analysis of the dust emission. For all
seasons, we also compared the standard deviations of
the seasonally averaged dust concentration in the var-
ious experiments to examine the interannual variabil-
ity in the model. During all seasons, the variability
decreases in the regions with maximum dust concen-
tration in all experiments with radiatively active dust
compared to the experiment with inactive dust, if the
long-term mean of the concentration also decreases. In
NH summer the variability increases over the Arabian
Peninsula and central Asia, if the radiative effect of dust
is implemented, in particular for more absorbing dust
and in the baseline experiment.

To evaluate the model capability to reproduce the av-
erage dust concentration and the interannual variabil-
ity in all seasons, we compared the optical thickness
simulated in the experiments to the observations from
AVHRR satellite data. The simulated optical thickness
agrees well with the observed one in NH winter over
the North Atlantic, indicating a reliable dust concen-
tration in the model in this region. Results, which are
not inconsistent with the observations, were also ob-
tained for the ocean regions east of east Asia during
NH spring and over India during spring and summer.
In contrast, the model seems to overestimate the dust
optical thickness over North Africa during spring, over
the Arabian Peninsula, and central Asia during sum-
mer, and over Australia during SH summer. Presum-
ably, where the model simulations are poor, the source
mechanism does not faithfully capture the complex in-
teraction of wind speed, vegetation, soil moisture, and
soil features that determine erosion. In these regions
where the verisimilitude of model-predicted dust burden
is low, the sensitivity of the source mechanism to radia-
tive feedbacks is unknown because the source mecha-
nism itself is not adequately represented in the model.
In regions, such as North Africa during winter, where
the model credibly predicts at least the large-scale pat-
terns of erosion, we can have much greater confidence in
the results of the sensitivity study. However, since the
satellite retrievals used for this comparison are based on
a single-channel algorithm and therefore necessarily as-
sume aerosol properties (some of which are more appro-
priate for sulfate than dust aerosols), this comparison is
somewhat ambiguous.

The model tends to overestimate the interannual vari-
ability in regions with high dust optical thickness com-
pared to satellite data, in particular if the mean optical
thickness is also overestimated. In contrast, in regions

13

with low optical thickness the simulated variability is
evidently lower than the observed one. The latter re-
sult might be related to an underestimated transport
of fine particles by the model to regions far from the
sources but is probably due to the fact that the satellite
retrieval is determined by other aerosol types in those
regions with low dust concentration.

In the baseline experiment, the dust aerosols from
all source regions had the radiative properties of far-
traveled Saharan dust particles. However, the conclu-
sion from our sensitivity experiments is that specify-
ing the radiative properties appropriate for individual
source regions might improve the simulated dust emis-
sion because of the different sensitivity of the soil dust
emission to changing radiative features of dust. For
this, variations in the mineralogical composition of dust
need to be taken into account [Sokolik and Toon, 1999;
Claquin et al., 1999].

Corresponding to the sensitivity of the soil dust cycle,
we also found a sensitivity of various climate variables,
such as TOA and surface radiation, temperature, pre-
cipitation, cloud cover, and circulation to the radiative
properties of dust particles. The sensitivity of the glob-
ally averaged climate variables we showed here is domi-
nated by the direct effect due to the radiative properties
of the dust particles (maybe combined with an effect
due to changes in total cloud cover), which generally
overwhelms the effect of the changed optical thickness
due to the sensitivity of the atmospheric dust concen-
tration to the dust radiative forcing. The sensitivity of
the climate response will be described in more detail in
a companion paper. The effect on trade winds in North
Africa and Indian monsoon circulation has already been
a part of the analysis presented here.

Given the negative feedback by dust radiative forc-
ing on dust emission, it has to be explained why, in the
source regions of North Africa and the Arabian Penin-
sula, the strongest decrease in the dust emission in win-
ter is found for more absorbing dust particles but in
summer for more reflecting dust particles. We suggest
two competing mechanisms are responsible for this be-
havior in our experiments. Absorption of solar radiation
in the dust layer leads to a redistribution of energy from
the surface into the dust layer. Hence the temperature
increases in the dust layer, having a locally stabilizing
effect on the atmosphere. This effect causes a decrease
in the surface wind speed on shorter timescales leading
to the general decrease in the dust emission; that is,
there is a negative feedback. This feedback is larger for
more absorbing than for more reflecting dust particles,
as shown for the globally averaged solar radiation in



section 7. Therefore in general the amount of emitted
dust should decrease the most in the experiments with
more absorbing dust particles. During summer, in the
source regions of North Africa and the Arabian Penin-
sula, the local radiative effect is overwhelmed by the
changes in the wind speed on longer timescales, caused
by an increased (decreased) Indian monsoon circulation
for more absorbing (reflecting) dust shown in section 3,
leading to the reversed sensitivity during this season.
Since these source regions contribute the most to the
global dust load, this behavior of the sensitivity is also
seen for the globally integrated dust emissions. How-
ever, the reliability of the link between the radiative
properties of soil dust aerosols and the Indian mon-
soon found in our experiments and the physical mech-
anism behind this link remain open questions at this
time which have to be addressed in future studies.

Since the experiments described in this paper are the
first experiments with a soil dust aerosol model which
is fully coupled in a AGCM, we do not know at this
time how robust our results are. Our experiments were
carried out with a prescribed SST. The next step will
be to repeat these experiments using the NASA GISS
AGCM coupled to a mixed layer ocean. In this way, we
want to examine whether the results are robust, if the
SST itself is calculated and the energy fluxes depending
on it are included in the system of feedbacks. In order
to assess the magnitude of the full feedback between
dust cycle and climate response, it will be desirable to
repeat such model experiments with the atmospheric
GCM coupled to a dynamic ocean.
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Table 1. Seasonal and Annual Global Amounts of Emitted Dust in Mt month~! and
Mtyr~! in the Passive Dust Experiment (P) and in Experiments With Radiatively
Active Dust for More Absorbing Dust (0.9w), Baseline Dust (cp), and More Reflecting
Dust (1.1zg)

P 09@0 wo 11@0

Season Mean STDV Mean STDV Mean STDV Mean STDV

DJF 114 17 90 14 100 14 100 11
MAM 128 15 100 11 106 16 107 14
JJA 119 21 114 13 107 19 93 12
SON 76 14 o7 8 61 12 99 10
ANN 1312 97 1081 71 1120 88 1073 68

Long-term means and standard deviations (STDV) are presented.



Table 2. Seasonal and Annual Amounts of Emitted Dust in Mt month~! and Mt yr—!
From Source Regions in the Passive Dust Experiment (P) and in Experiments With
Radiatively Active Dust for More Absorbing Dust (0.9z0p), Baseline Dust (), and

More Reflecting Dust (1.1z7g)

0.9@0 wo 11@0
Season Mean STDV Mean STDV Mean STDV Mean STDV
Sahara/Sahel Dust Emission
DJF 62 12 48 12 55 10 59 10
MAM 65 12 53 8 55 11 56 10
JJA 51 13 52 10 46 10 42 8
SON 19 5 15 5 16 5 16 5
ANN 592 55 501 53 517 54 519 42
Arabian Peninsula Dust Emission
DJF 6.7 2.3 6.0 2.3 6.4 2.1 6.5 2.0
MAM 3.0 1.9 2.1 1.1 2.2 0.9 2.1 1.0
JJA 7.1 2.9 10.7 5.3 7.4 2.7 4.4 1.5
SON 2.1 1.2 2.0 1.0 1.7 0.8 2.2 1.3
ANN 56.5 11.9 62.4 17.4 53.2 11.8 45.7 9.4
Central Asia Dust Emission
DJF 1.8 1.2 1.3 0.9 2.1 1.7 1.9 1.7
MAM 20.6 10.4 16.0 8.1 15.6 8.8 14.5 5.9
JJA 35.7 13.5 33.5 12.5 30.9 18.3 22.9 7.3
SON 12.5 8.2 7.8 7.7 8.2 6.2 7.2 3.9
ANN 211.0 58.4 174.8 55.5 169.4 63.2 138.8 25.2
East Asia Dust Emission
DJF 0.6 0.6 0.5 0.4 0.7 0.9 0.5 0.5
MAM 13.1 5.8 9.6 4.0 10.1 4.0 11.5 4.6
JJA 3.8 2.1 1.4 1.5 2.6 1.7 3.1 1.7
SON 1.0 1.0 0.5 0.8 1.0 0.8 1.0 1.0
ANN 55.2 21.5 35.9 12.3 42.6 13.5 47.8 14.4
North America Dust Emission
DJF 7.9 3.8 5.7 2.2 6.6 3.2 5.0 2.1
MAM 14.7 7.1 10.2 4.5 12.6 5.3 11.7 5.3
JJA 7.4 4.2 4.2 3.1 5.8 3.0 5.9 3.0
SON 8.4 5.0 5.2 2.9 8.6 4.8 6.1 2.7
ANN 114.8 41.7 75.7 21.3 100.5 25.0 86.3 24.6
Australia Dust Emission
DJF 33.4 11.3 27.2 6.0 27.8 7.1 25.6 5.6
MAM 9.1 4.4 6.9 2.1 7.7 2.6 7.9 2.5
JJA 7.2 2.5 5.4 2.0 6.1 2.9 6.3 2.9
SON 25.1 9.0 19.8 5.7 18.2 6.6 18.3 6.2
ANN 225.2 53.7 178.6 28.2 179.7 35.9 175.0 24.8

Long-term means and standard deviations (STDV) are presented.



Table 3. Globally Averaged Dust Concentration ugkg~!(Air) Averaged Over All Lay-
ers in the Passive Dust Experiment (P) and in Experiments With Radiatively Active
Dust for More Absorbing Dust (0.9w), Baseline Dust (wy), and More Reflecting Dust
(1.1@0)

P 09@0 wo 11@0

Season Mean STDV Mean STDV Mean STDV Mean STDV

DJF 3.46 0.51 2.83 0.42 2.99 0.36 3.00 0.36
MAM 4.54 0.54 3.65 0.35 3.79 0.54 3.70 0.50
JJA 4.32 0.68 4.21 0.56 3.81 0.67 3.29 0.38
SON 2.53 0.47 2.28 0.27 2.02 0.27 1.81 0.27
ANN 3.71 0.25 3.24 0.22 3.15 0.26 2.95 0.19

Long-term means and standard deviations (STDV) are presented.

Table 4. Seasonal and Annual Global Amounts of Wet Deposition of Dust in
Mt month™! and Mt yr=! in the Passive Dust Experiment (P) and in Experiments With
Radiatively Active Dust for More Absorbing Dust (0.9z0p), Baseline Dust (), and
More Reflecting Dust (1.1wg)

P 0.9@0 o 1.1w0

Season Mean STDV Mean STDV Mean STDV Mean STDV

DJF 46 7 34 5 38 ) 37 5
MAM 93 7 39 5 42 6 42 5
JJA 99 10 %) 6 o1 7 45 6
SON 35 6 25 4 27 4 25 3
ANN 579 42 461 27 472 32 449 26

Long-term means and standard deviations (STDV) are presented.



Table 5. Seasonal and Annual Global Amounts of Dry Turbulent Deposition of Dust
in Mt month~! and Mtyr~! in the Passive Dust Experiment (P) and in Experiments
With Radiatively Active Dust for More Absorbing Dust (0.9w), Baseline Dust (zog),
and More Reflecting Dust (1.1wy)

P 09’@0 wo 11@0

Season Mean STDV Mean STDV Mean STDV Mean STDV

DJF 16.7 2.3 14.2 2.6 15.7 2.3 16.1 2.0
MAM 19.5 2.8 15.7 1.8 16.7 2.9 17.2 2.8
JJA 16.6 2.9 16.4 2.5 16.2 4.0 14.1 1.7
SON 11.7 24 9.0 1.8 9.5 1.9 9.2 1.7

ANN 193.8 14.4 166.2 13.5 175.1 16.9 170.1 12.1

Long-term means and standard deviations (STDV) are presented.



Table 6. Global Mean of Various Climate Variables
(Long-Term Mean Plus or Minus One Standard Devia-
tion) in the Passive Dust Experiment (P) and Their Per-
turbations in Experiments With Radiatively Active Dust
for More Absorbing Dust (0.9c0g), Baseline Dust (wy),
and More Reflecting Dust (1.1wy)

Season P 0.9z0¢ wo 1.1wg

TOA Net Radiation (W m=2)

DJF 9.0+0.4 —-0.2 -0.5 —-0.7
MAM 0.5+0.4 0.2 -0.3 —-0.8
JJA —8.6+0.4 —-0.3 -0.5 —0.5
SON 3.4+0.3 —0.2 —-0.4 —0.5
ANN 1.1£0.2 —0.1 —-0.4 —0.6
TOA Solar Radiation (W m=2)
DJF 238.3+04 -0.3 —-0.6 —-0.8
MAM 230.6 £0.4 0.3 -0.3 —0.8
JJA 224.44+0.3 —0.0 -0.5 -0.7
SON 234.7+04 —0.4 —0.6 -0.7
ANN 232.0£0.1 -0.1 —-0.5 —-0.7
TOA Thermal Radiation (W m~=2)
DJF —229.3+0.2 0.1 0.1 0.1
MAM —230.1+£0.2 —0.0 0.1 +0.0
JJA —233.0£0.2 —-0.3 +0.0 0.2
SON —231.3+0.2 0.2 0.2 0.2
ANN —231.0£0.1 —0.0 0.1 0.1
Surface Net Radiation (W m™2)
DJF 119.6 £0.2 —2.3 —-1.7 —-1.0
MAM 112.2£0.2 —2.6 -1.9 -1.3
JJA 107.5£0.2 -3.3 -2.0 —1.0
SON 116.6 £ 0.2 —-1.9 -1.1 -0.7
ANN 114.0£0.1 —2.5 —-1.7 —-1.0
Surface Solar Radiation (W m~2)
DJF 170.7+ 0.4 -3.2 -2.0 -1.0
MAM 164.3 £ 0.4 —-3.8 —2.2 —-1.1
JJA 158.3£04 -5.0 —2.5 —1.0
SON 168.0£0.4 —-2.9 —-1.5 —-0.8
ANN 165.3£0.2 3.7 —-2.1 —-1.0
Surface Thermal Radiation (W m=2)
DJF —51.1+£0.3 0.9 0.3 +0.0
MAM —52.14+0.3 1.2 0.4 —0.2
JJA —50.9+£0.2 1.7 0.5 —0.1
SON —51.56£0.2 1.0 0.4 0.1
ANN —-51.4+£0.1 1.2 0.4 -0.0
Surface Sensible Heat Fluz (W m=2)
DJF —23.0£0.2 1.1 0.7 0.2
MAM —26.0£0.2 1.6 0.8 0.1
JJA —27.1+£0.2 1.9 0.9 0.1
SON —23.7£0.2 0.9 0.4 0.1

ANN —-25.0+£0.1 14 0.7 0.2




Table 6. (continued)

Season P 0.9z w0 1.1z
Surface Net Heating (W m=2)
DJF 8.2+0.5 —-0.2 —-0.4 —-0.6
MAM —2.14+04 —0.1 —0.5 -0.7
JJA —9.5+0.4 —0.2 —-0.4 —0.6
SON 4.8+ 0.5 0.2 —0.3 —-0.5
ANN 0.4+0.2 -0.1 —-04 —0.6
Precipitation (mmd=!)
DJF 3.01 £0.02 —0.03 —0.02 —0.00
MAM 3.00 + 0.02 —0.04 —0.02 —0.01
JJA 3.07+£0.01 —0.04 —0.02 —0.01
SON 3.03£0.01 —0.04 —0.01 —0.00
ANN 3.03+£0.01 —0.04 —0.02 —0.01
BEvaporation (mmd—!)
DJF 3.02+£0.02 —0.03 —0.02 —0.00
MAM 3.01 £ 0.02 —0.03 —0.02 —0.01
JJA 3.07£0.02 —0.04 —0.02 —0.01
SON 3.00 £ 0.01 —0.04 —-0.01 —0.00
ANN 3.03 £0.01 —0.04 —0.02 —0.01
Total Cloud Cover (%)
DJF 51.44+0.2 0.2 —0.1 -0.1
MAM 50.2+0.2 0.1 -0.1 -0.3
JJA 51.4+£0.2 —-0.2 —0.0 —-0.1
SON 51.1£0.2 0.4 0.2 +0.0
ANN 51.0+0.1 0.2 —0.0 —0.1
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Figure 1. Dust source flux (numbers) (mgm~2d~!) and correlation (shades) between dust source flux and
surface wind speed in the central Asia source region in NH summer. (a) Passive dust experiment; difference to
passive dust experiment for (b) more absorbing dust, (c) baseline experiment, and (d) more reflecting dust.
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Figure 2. Dust source flux (numbers) (mgm=2d~!), and correlation (shades) between dust source flux and
surface wind speed in the North America source region in NH spring. (a) Passive dust experiment; difference to
passive dust experiment for (b) more absorbing dust, (c) baseline experiment, and (d) more reflecting dust.
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Figure 3. Dust source flux (numbers) (mgm~2d~!), and correlation (shades) between dust source flux and
surface wind speed in the Australia source region in Southern Hemisphere (SH) summer. (a) Passive dust
experiment; difference to passive dust experiment for (b) more absorbing dust, (c¢) baseline, and (d) more reflecting
dust.
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confidence level of 95% or greater.
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Figure 5. Same as in Figure 4 but in NH summer.
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Figure 6. Seasonal standard deviation of the dust concentration (ugkg™1): (a) passive dust experiment and (b)
baseline experiment in NH winter; (c, d) same as Figure 6a and 6b but in summer.
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Plate 1. Dust source flux (numbers) (mgm~2d~!), surface wind vector (arrows) (ms~—!), and correlation (shades) between dust source flux
and magnitude of the monthly averaged surface wind vector in the Sahara/Sahel source region and in the Arabian Peninsula source region in
Northern Hemisphere (NH) winter. (a) Passive dust experiment; difference to passive dust experiment for (b) more absorbing dust, (c)
baseline experiment, and (d) more reflecting dust.
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Plate 2. Same as Plate. 1 but in NH summer.
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Plate 3. Wet deposition of dust (mgm~2d~!) in NH winter. (a) Passive dust experiment; statistically significant differences to passive dust
experiment for (b) more absorbing dust, (c) baseline experiment, and (d) more reflecting dust.



90N

60N -

30N

EQ

30Sq -

60Sq -

30N

60N

30N 1

EQ

30S

60S

= . - 1 .
9035 -5 25 45 65 85 105 125 145 ~— 905 "= -60-40-20 =T 1 20 40 60 80 100
180 150W 120W 90W 60W 30W 0  30E 60E 90E 120E 150E 180 180 150W 120W 90W 60W 30W O  30E B0E 90E 120E 150E 180
90N C) 90N d)

60N
30N -
EQ{
308

60Sq -

90S

180

. | . ‘L/‘ - . . . - >
= -60-40-20 —1T: 1 20 40 60 80 100

60N <

30N 1

EQ

308

60S 1

. | . ‘L/‘ . - B . . - >
= -60 -40 -20 —-T: 1 20 40 60 80 100 “—

150W 120W 90W 60W 30W O  30E 60E 90E 120E 150E

Plate 4. Same as in Plate 3 but in NH summer.
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Plate 5. Difference between dust optical thickness (7) in the baseline experiment and AVHRR satellite data for (a) NH winter, (b) spring,
(¢) summer, and (d) autumn.



